Abstract: Eocene to Oligocene volcano-plutonic rocks are widespread throughout NW Iran. The Tarom-Hashtjin metallogenic province is one of the most promising epithermal-porphyry ore mineralized districts in NW Iran. The Glojeh gold deposit, located in the center of this province, is a typical high to intermediate sulfidation epithermal system, spatially and temporally associated with a granite intrusion and associated high-K calc-alkaline to shoshonitic volcano-plutonic rocks. The intrusive complexes of the Glojeh district are characterized by: SiO 2 contents of 60.9 to 70.7 wt.%, K 2 O+Na 2 O of 7.60 to 8.92 wt.%, and K 2 O/Na 2 O ratios of 0.9 to 1.8. They are enriched in light rare earth elements (LREEs), and large ion lithophile elements (LILEs), depleted in high field strength elements (HFSEs), and have weak negative Eu anomalies (Eu/Eu*= 0.5 to 0.9).
Introduction
Cenozoic magmatism and associated porphyry-epithermal ore deposits in Iran are concentrated in the Alborz and Urumieh-Dokhtar Magmatic Belts, and the Central-East Iran Magmatic Assemblage (Figure 1 ) within the Tethyan Eurasian Metallogenic Belt [1] . The latter is considered to extend north into Turkey and the Western Carpathians, and to the east into southeast Afghanistan as far as the Himalayas [2, 3] . A great number of important porphyryepithermal ore deposits have formed in this belt [4] . The Alborz Magmatic Belt has an E-W orientation [1, 5] , and is divided into western and eastern sections by the N-S Rasht-Takestan fault. The eastern section consists of mafic to felsic tuff and lava deposits, with an alkaline to shoshonitic affinity [6] , while the western section, which we refer to as the 'Alborz-Azarbayejan Magmatic Belt', consists of andesitic to dacitic lavas, and numerous granitoid bodies with a calc-alkaline to shoshonitic affinity [7] (Figure 1 ). The Alborz-Azarbayejan Magmatic Belt is subdivided into two mineralized subzones named the Ahar-Arasbaran Belt (AAB), in the north, and the TaromHashtjin metallogenic province (THMP) in the south (Figure 1) . The THMP includes some of the best examples of porphyry and epithermal ore deposits in Iran [8] [9] [10] . The Glojeh epithermal mineralization district is located in the centre of the THMP, and is a classic example of polymetallic mineralization. The Glojeh epithermal mineralization district has previously been investigated by [10] , with an emphasis on mineralogy, fluid inclusion studies, alteration, geochemical zoning and stable isotopes. The obtained data supports multi-stage deposition from mixed magmatic-meteoric fluids. However, the geochemistry of the igneous rocks of the Glojeh district has not been reported, and a link between magmatism, host-rock alteration and epithermal mineralization is still ambiguous. Therefore, the objective of this paper is to document in detail the petrography and geochemistry of the igneous rocks, the age of magmatism, and its connection to ore deposition.
Regional geological setting
The Iranian plateau is a tectonically active region within the Alpine-Himalayan orogenic belt [11] . It contains a number of continental fragments that have been welded together along an oceanic suture zone. Based on structural trends, the Iranian plateau can be divided into six segments ( Figure 1 , [12] ): the Zagros fold-thrust belt, the Sanandaj-Sirjan zone, the Urumieh-Dokhtar Magmatic Belt, the Central-East Iran Magmatic Assemblage, the Alborz Magmatic Belt, and the Kopeh Dagh zone. These segments were controlled by the opening and closure of the Tethyan oceans during several successive stages. The Tethyan orogen formed following the collision of Eurasia with dispersed fragments of Gondwanaland [13, 14] , and rifting from the Late Palaeozoic to Early Mesozoic formed ribbon fragments of continental crust that broke away from the northern margin of Gondwanaland to form the Tethys Ocean. There were two successive Tethyan oceans [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] , the northern, older Paleo-Tethys ocean separated the Iranian plate from Eurasia during Late Paleozoic to Early Mesozoic times. The southern, younger Neo-Tethys ocean was located between the Iranian and Arabian plates during Late Mesozoic times [29] . Subduction of the Paleo-and Neo-Tethys beneath the Eurasian and Iranian plates respectively, caused the formation of the Caucasus magmatic arc in the north, and the Sanandaj-Sirjan Zone, the Urumieh-Dokhtar Magmatic Belt, the Alborz Magmatic Belt, and the Zagros fold-thrust belt in the south. According to [30, 31] , the Alborz Magmatic Belt formed during two major orogenic cycles: (1) the Late Triassic (Cimmerian) demise of the Paleo-Tethys and collision of the Iranian block with Eurasia; and (2) the demise of the Neo-Tethys, and intraplate deformation re-lated to the convergence of the Arabian and the Eurasian plates. In terms of ore mineralization, the eastern and western sections of the Alborz Magmatic Belt show clear differences. For example, the eastern section is devoid of major porphyry copper, molybdenum, iron, and gold deposits with the exception of low-grade mineralization in the Troud-Chah Shirin zone [32] . In contrast, volcanic and plutonic rocks found in the western section of the Alborz Magmatic Belt are highly mineralized. This mineralization is related to numerous granitoid bodies with calc-alkaline to shoshonitic affinity [4, 10, [33] [34] [35] [36] [37] The Precambrian metamorphic unit consists of schist, phyllite, and felsic rocks. Cambrian strata include dolomitic marble and phyllite, discordantly overlying the Precambrian metamorphic rocks. Permian low-grade metamorphic rocks, including limestone and shale, discordantly overlie the Cambrian strata. The Permian strata, in turn, are discordantly overlain by Mesozoic rocks, which consist of sandstone, limestone, and siltstone. The Cenozoic volcaniclastic rocks, extensively distributed throughout the province, comprise a wide spectrum of rock types, including trachybasalt, trachyandesite, trachydacite, andesite, andesitic basalt, basalt, rhyodacite, rhyolitic lava flows, and tuff. The volcaniclastic sequences have been intruded by batholiths and smaller bodies of granodiorite, quartz monzonite, and granite. These volcano-plutonic rocks are host to several epithermal-porphyry ore deposits in the Glojeh district, which is one of most promising epithermal mineralization districts in the THMP.
Local geology and mineralization characteristics
The Glojeh district is predominantly covered by Cenozoic volcano-plutonic sequences. There are three main lithologic units ( Figure 3 ) [38] . The first is characterized by pervasively well-layered lithic tuff, composed mostly of quartz phenocrysts, plagioclase and abundant flattened lithic fragments. The second is marked by andesitic basalt interlayered with basic tuff. Basic tuffs and andesitic basalt are exposed predominately in the southern district, whereas lithic tuffs are more abundant in the northern parts. Several subvolcanic trachyandesite, trachybasalt and trachydacite dikes, containing quartz, pyroxene, biotite, and plagioclase phenocrysts, intruded mainly the lithic tuff. The third unit is rhyodacite, which only occurs in the central and western parts of the Glojeh district ( Figure 3 ). The volcaniclastic sequences have been intruded by two plutons composed of granite, granodiorite and quartz monzonite, located in the central (Goljin) and northern parts (Varmarziar) (Figure 3) , and several younger rhyolitic domes in the west of the Glojeh district.
In the Glojeh district, two zones of polymetallic mineralization (named North Glojeh and South Glojeh; Figure 3 [10] . The temperature of ho- The deduced δ 18 O of the fluid in equilibrium with quartz, based on the fractionation equation of [39] , ranges from 0.7 to 7.6% . Fluid inclusions and stable isotope data are consistent with either magmatic or meteoric fluid, or a mixture of both [10] . The ranges of homogenization temperatures (150 to 340 ∘ C), and salinity (0.1 to 11 wt.% NaCl eq.)
are consistent with an epithermal environment.
Petrography

Goljin and Varmarziar plutons
The Goljin granite is a medium-grained rock with antirapakivi, perthitic, and granophyric textures ( Figure 4a ). It contains large (1-4 cm) phenocrysts of idiomorphic plagioclase ( Figure 4b ), and subhedral alkali feldspar in a medium-to fine-grained groundmass of plagioclase and quartz. Alkali feldspar with some perthitic exsolution was clearly a late phase to crystallize. Apatite and zircon can be found as accessory phases, while chlorite, sericite and carbonate are secondary minerals. The Goljin intrusive also contains granodiorite with a mineralogical composition similar to the Varmarziar granodiorite, including plagioclase, quartz, biotite, alkali feldspar, and hornblende. The plagioclase (andesine) usually forms twinned crystals and may be altered to sericite and calcite.
The coarse-to medium-grained, pinkish-grey Varmarziar granodiorite occurs in the northern part of the district and comprises plagioclase, quartz, biotite, alkali feldspar, and hornblende with antirapakivi and poikilitic textures. Anhedral quartz is an interstitial phase, whereas plagioclase (andesine) is euhedral and altered to sericite and calcite. Coarse-grained euhedral hornblende and mediumgrained biotite are major mafic minerals (Figure 4c ). Magnetite and zircon can be found as accessory phases. Some parts of the Varmarziar pluton contain quartz monzonite. Antirapakivi textures are common in the Goljin granite, and less common in the Varmarziar and Goljin granodiorite (Figure 4d ), indicating that the emplacement of hot, dry magmas occurred at a shallow level.
Volcanic rocks
The host rocks of the plutons are Eocene volcanic rocks (Figure 3) , and comprise dark grey, fine-grained andesitic basalt, white, medium-grained rhyodacite, and dark lithic vitric tuff, which are widespread in the Glojeh district.
Here we describe only rhyodacite and andesitic basalt, because these are the host rocks of the mineralization. Rhyodacites have phenocrysts of plagioclase (andesine and oligoclase composition), altered to mainly clay (Figure 4e ), smaller phenocrysts of variably altered alkali feldspar, quartz, and biotite in a groundmass rich in plagioclase, quaryz and alkali feldspar. Dark and light brown porphyritic andesitic basalts are composed mostly of andesine, hornblende, clinopyroxene and minor olivine with accessory magnetite. Phenocrysts are mainly plagioclase and clinopyroxene. Plagioclase occurs as anhedral to subhedral plates, commonly altered to sericite, epidote and calcite ( Figure 4f ). Clinopyroxene crystals are euhedral to subhedral and are commonly altered to chlorite, Fe-oxides and calcite.
Analytical methods and procedures
Samples were collected from outcrops of volcanic rocks at different stratigraphic levels in the Cenozoic sequence, and from the Goljin and Varmarziar intrusions. Petrographic studies revealed that the biotite and feldspar minerals from the Goljin and Varmarziar intrusions (granite and granodiorite) appeared unaltered and suitable for dating. A study carried out by [40] , showed that sericitization (replacing plagioclase), can have a significant affect on the 40 Ar/ 39 Ar age determination of plagioclase. If the degree of sericitization is high enough (e.g., > 65%), then it may be possible to associate the measured age of the altered plagioclase with an alteration event. Therefore, two sericite-bearing samples (G1 and G2; dominated by quartz; feldspar (plagioclase); pyrite, and sericite of stage 1), from mineralized quartz veins were also separated. The rock samples were crushed, and subsequently sieved (180-250 µm) to obtain phenocryst-rich fractions. The mineral separates were washed in acetone before being handpicked under a stereomicroscope. Mineral grains with grain coatings and/or inclusions were avoided, except for samples G1 and G2, where grains that were milky-white (cloudy plagioclase) in appearance were specifically targeted. (n = 9).
Analytical results
Geochemical data
The chemical composition of whole-rocks is shown in Table 2 . On a total alkali vs silica plot [45] (Figure 5a ), granitoid rocks span a compositional range from granite to granodiorite with 60.9 to 70.7 wt.% SiO 2 , and K 2 O + Na 2 εNd plot, the data fall along the mantle array (Figure 5d ). On the chondrite-normalized REE plots [51] , all the samples are significantly enriched in light REEs (LREEs) and depleted in heavy REEs (HREEs) ( Figure 6 ). The granitoids are slightly fractionated (Lan/Lun=6.2) with a negative Eu anomaly (Eun/Eun*=0.5-0.9).
40 Ar/ 39 Ar dating
The results of 40 Ar/ 39 Ar isotopic analyses are listed in Table 4 . Biotite and feldspar separated from the Varmarziar intrusion, biotite separated from the Goljin intrusion, and plagioclase (± sericite) separated from mineralized veins in North Glojeh and South Glojeh were dated. The results are presented in Figure 7 and and their intercepts overlap with the atmospheric ratio (298.56, [42] ). We suggest the plateau ages represent the best age estimates for this unit. Sample F393-3 (biotite; Goljin granodiorite) yields a plateau age of 41.87 ± 1.58 Ma (Figure 8a) , and a statistically valid isochron age of 38.47 ± 5.65 Ma (Figure 8b ). The initial 40 Ar/ 36 Ar ratio of 524.05 ± 445 may suggest the presence of excess argon in the spectrum age, however it does overlap with the modern atmospheric ratio and it overlaps with the plateau age. The plateaus for both samples give ages that are generally consistent with regional stratigraphic relationships. The separated plagioclase (± sericite), from North Glojeh vein (sample G2), and South Glojeh vein (sample G1), produced a plateau age of 42.20 ± 0.34 Ma, and a two-step plateau age of 42.56 ± 1.47 Ma, respectively (Figure 8c and Figure 8d ).
Discussion
Tectono-magmatic characteristics and source of magmas
High potassium and shoshonitic magmatism characteristically occurs in five different tectonic settings: (1) continental arcs; (2) post-collisional arcs; (3) oceanic arcs (subdivided into initial and late); and (4) intraplate [52] . Tectonomagmatic discrimination diagrams suggest that the igneous rocks of the Glojeh district have the compositional characteristics of post-collisional continental margin arcs ( [53, 54] , Figure 9a and Figure 9b ). Potassic magmatism is a common feature in many post-collisional orogenic belts around the world [52, 55] . The low Hf/Sm ratio (<1) in the studied rocks also indicates a subductionrelated orogenic setting [56] . Shoshonitic magmas may form by either: (1) partial melting of enriched mantle without assimilation of crustal material during ascent [57, 58] ; (2) partial melting of enriched mantle with assimilation of crustal material [59, 60] ; or (3) partial melting of depleted mantle with subsequent contamination by crustal material [61, 62] in both arc and postcollisional settings [63] . Subduction-related enrichment in the source region of the Glojeh igneous rocks is also supported by the Th/Yb vs Ta/Yb diagram (Figure 9c ), which displays source variations and crustal contamination effects [64] . The spread toward high Th/Yb ratios indicates a depleted mantle source and partial melting with crustal contamination. Based on Y vs Th [65] (not shown), some samples display evidence of crustal contamination with a Y content of less than 25 ppm. The La vs (La/Yb)n diagram [66] indicates that differentiation of the rocks in the area is most compatible with a partial melting trend (Figure 9d ). Moreover, REEs chondrite-normalized diagrams exhibit patterns with very limited variations in HREEs, but more variation in LREEs. These patterns are typical of a partial melting process [67] . The Nb/La ratios of the Glojeh samples are also in the range of 0.3 to 1.0, suggesting a depleted mantle source [68, 69] .
Timing of gold mineralization
This study provides the first age for the Glojeh gold mineralization and supplements the data on the magmatism of the district. The Goljin intrusion, with an 40 Ar/ 39 Ar biotite plateau age of 41.87 ± 1.58 Ma, was contemporaneous with the North Glojeh and South Glojeh mineralized veins. Considering the close spatial association, it may be inferred that the Goljin intrusion was genetically related to mineralization, which occurred during the late stages of crystallization of this intrusion. Sericite (KAl 3 Si 3 O 10 (OH,F) 2 ) replaces plagioclase by mineralogical replacement and/or infilling of microfractures within the plagioclase. This process may occur at low temperature conditions (<300 ∘ C), for example during hydrothermal alteration [40] . Plagioclase commonly exhibits low K (<0.1%), and high Ca content. Sericite replacement, if advanced enough, will produce more 39 Ar than the plagioclase, and the obtained age may represent the sericitization event. Sericite can be identified in 40 Ar/ 39 Ar degassing spectra, based on an elevated K/Ca ratio (calculated from 39 Ar K / 37 Ar Ca ), see Figure 8c and Figure 8d .
For this study, milky-white (cloudy), plagioclase grains were separated from samples G1 and G2, in order to determine the age of sericitization. Based on the weighted mean K/Ca ratio (0.096 ± 0.001, calculated from the whole spectrum), it seems unlikely that the signal obtained for sample G1 comes from a K-rich phase. However, sample G2 yields a weighted mean K/Ca ratio of 2.86 ± 0.75, which more closely resemembles a K-rich phase (such as sericite), and therefore the age obtained from sample G2 could represent the age of the sericitization event.
The 40 Ar/ 39 Ar ages of North Glojeh and South Glojeh veins are 42.20 ± 0.34 Ma and 42.56 ± 1.47 Ma, respectively. These ages overlap within error with the biotite age (41.87 ± 1.58 Ma) obtained for the Goljin intrution, so no distinction between intrusion, host rock (G1, plagioclase), and a younger sericitization event (G2) can be made. We suggest that these new dates represent cooling ages, and the sericitization age (G2) represents a minimum age which dates the alteration during a stage of cooling.
The Varmarziar intrusion appears to be too young to be related to the dated epithermal mineralization. Considering all the ages, we suggest that the Goljin intrusion, or an unidentified coeval intrusion, is responsible for the mineralization of the Glojeh district. Fluid inclusion, mineralogy and geochemical studies [10] indicate that the fluid source may lie in the north, close to the North Glojeh veins. Furthermore, the discovery of the Glojeh gold deposit provides us with important clues for the exploration of epithermal and porphyry gold deposits in the Eocene volcanic rocks, especially close to granite-granodiorite stocks in the THMP and possibly in the Ahar-Arasbaran Belt. Glojeh veins were derived from a single fluid source and likely resulted from multiple pulses of small, shallow intrusions that drove the hydrothermal systems.
Conclusions
